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ABSTRACT
We present a high-resolution study of five high-velocity clouds in the Magellanic Lead-
ing Arm region. This is a follow-up study of our widefield Parkes survey of the region
in order to probe the multiphase structures of the clouds and to give an insight to
their origin, evolution and distance. High-resolution data were obtained from the Aus-
tralia Telescope Compact Array. By combining with single-dish data from the Galactic
All-Sky Survey (GASS), we are able to probe compact and diffuse emission simultane-
ously. We identify resolved and unresolved clumps. Physical parameters were derived
for both diffuse structure and compact clumps. The latter are cold with typical velocity
linewidths of 5 km s−1. We find a gradient in thermal halo pressure, hydrogen density
and H i column density of HVC as a function of Galactic latitude. This is possibly the
first observational evidence of varying distance in the Leading Arm region, with the
leading part of the Leading Arm (LA II and III) probably being closer to the Galactic
disc than the trailing end (LA I).
Key words: radio lines: ISM – ISM: structure – ISM: kinematics and dynamics –
ISM: clouds
1 INTRODUCTION
High-velocity clouds (HVCs; Muller et al. 1963) are neutral
atomic hydrogen gas clouds distributed across the entire sky
as large, homogeneous complexes, and include the Magel-
lanic Stream (Mathewson et al. 1974), as well as numerous
compact and isolated clouds. They are characterised by a
high radial velocity that is forbidden by a simple Galac-
tic rotation model. To classify HVCs, Wakker (1991) intro-
duced the so-called “deviation velocity”, which is defined as
the smallest difference between the velocity of the cloud and
that of the Galactic disc gas along the line-of-sight, and sug-
gested a deviation velocity of at least 50 km s−1 for HVCs.
The origin of HVCs has been under debate for decades.
A hypothesis of an extragalactic origin was put forward by
Blitz et al. (1999). They argued that the observed prop-
erties of HVCs are consistent with a distribution across
the entire Local Group. In fact, numerical simulations by
Klypin et al. (1999) and Moore et al. (1999) suggested that
HVCs, excluding some of the large HVC complexes and the
Magellanic Stream (MS), might even be the missing dark
matter satellites as predicted by cosmological dark mat-
⋆ E-mail:biqing.for@icrar.org
ter models. Braun & Burton (1999) conducted a study us-
ing the Leiden/Dwingeloo Survey of Galactic neutral hy-
drogen (LDS; Hartmann & Burton 1997). They identified
a subclass of HVCs, namely compact high-velocity clouds
(CHVCs), which are isolated, have an angular diameter of
6 2◦ and H i column densities above 1.5×1018 cm−2. These
CHVCs were again claimed to be at extragalactic distance.
However, surveys of local galaxy groups showed no detec-
tion of similar H i clouds (Zwaan 2001; Pisano et al. 2004).
A more detailed study of a subsample of CHVCs concluded
that they are most likely circumgalactic objects with dis-
tances of the order of 100 kpc (Westmeier et al. 2005).
Many CHVCs have a head-tail morphology
(Bru¨ns et al. 2000; Putman et al. 2011), suggesting
that gas has been stripped via ram-pressure interac-
tion with the ambient medium. A recent simulations of
Salem et al. (2015) has shown such ram-pressure effect
on the Large Magellanic Cloud (LMC). Some of the
head-tail clouds have been studied in detail, such as
HVC 125+41-207 (Bru¨ns et al. 2001), HVC 289+33+251
(Bru¨ns & Westmeier 2004), HVC 291+26+195 and
HVC 297+09+253 (Ben Bekhti et al. 2006, hereafter
BBKW06). In many cases, they reveal two-component line
profiles consisting of a cold core surrounded by a warm
envelope. Nevertheless, numerical studies are somewhat
c© 2015 The Authors
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inconclusive about the existence of two-phase structures
in HVCs with z greater than ∼ 20 kpc in a T ∼ 106 K
halo (Wolfire et al. 1995). Observationally, two-phase HVCs
have been found in the Magellanic Stream and Leading
Arm (LA) (e.g. see Stanimirovic´ et al. 2008; For et al. 2013,
2014), which have estimated distances between 20 and
100 kpc. This implies that the thermal pressure and halo
density beyond 10 kpc is not well understood.
In this paper, we study the multiphase structure of a
subsample of HVCs in the region of the LA (For et al. 2013,
hereafter FSM13). The aims are (1) to resolve any multi-
phase structure, (2) derive physical parameters, (3) study
physical properties, in particular the thermal pressure in
different regions to probe environmental effects. The paper
is organised as follows: in §2, we list the selection criteria
for the targets. §3 gives a decription of our observational
setup, data acquisition and reduction process. §4 describes
the analysis methodology. Our results and interpretation are
presented in §5. We compare the results with previous stud-
ies and discuss the implications for the Galactic halo by
comparing our results with a model in §6 and §7. Finally, a
summary is given in §8.
2 TARGET SELECTION
We selected five HVCs from the FSM13 catalog. The selec-
tion criteria are based on the following: (a) the peak bright-
ness temperature of the HVC is ∼ 10σ above the brightness
temperature sensitivity for the instrument setup and array
configuration (see §3); (b) the HVC has a velocity linewidth
of less than 10 km s−1; (c) the HVC has a distinct mor-
phological type of head-tail, bow-shock or symmetric as de-
scribed in FSM13; (d) the HVCs are over a range of different
Galactic latitudes. Figure 1 shows the integrated H i column
density map of the LA region studied by FSM13, and the
observed targets are marked with red circles.
3 OBSERVATIONS AND DATA
Both single-dish and interferometer data are used for this
study. While single-dish data probe the diffuse emission,
the interferometer data allow us to probe small-scale struc-
tures. We employed data from the second data release
of the single-dish Parkes Galactic All-Sky Survey (GASS;
McClure-Griffiths et al. 2009) in this study. This has been
corrected for stray radiation and radio frequency interfer-
ence (Kalberla et al. 2010). GASS is an HI survey of the
entire sky south of declination +1◦ using the 20-cm multi-
beam receiver on the Parkes radio telescope. GASS cov-
ers VLSR between −400 and +500 km s−1. The data have
a channel width of 0.82 km s−1, a spectral resolution of
1 km s−1, a brightness temperature (TB) rms sensitivity of
57 mK, and an angular resolution of 16′. We refer the reader
to detailed descriptions of GASS and data processing in
McClure-Griffiths et al. (2009) and Kalberla et al. (2010).
The high-resolution H i observations were carried out at
the Australia Telescope Compact Array (ATCA) in Narrabri
using the EW367 and EW352 configurations in November
2012 and January 2013, respectively. Only five out of the
six antennas were used for the analysis. The inner five an-
tennas of the EW367 configuration cover baselines between
92 m and 367 m. The EW352 configuration covers base-
lines between 31 m and 352 m. We used the zoom mode
option of the Compact Array Broadband Backend (CABB;
Wilson et al. 2011) for the observations, which has a total
bandwidth of 2 GHz with 1 MHz (coarse) and 0.5 kHz (fine)
resolutions. We centered the zoom band on 1420 MHz. This
configuration results in a velocity resolution of 0.1 km s−1.
We observed the primary flux calibrator PKS 1934-638
at the beginning of each observing session. A secondary
phase calibrator, which is located nearby the target field,
was observed for 3 min every hour. Each observing session
was about 10–12 h long, so achieved good uv-coverage. We
also adopted the strategy of obseving two targets per ob-
serving session by alternating between them. The beam was
centered on the coordinates listed in the FSM13 catalog.
The data reduction was performed in a standard man-
ner using MIRIAD (Sault et al. 1995). To create dirty
images, we adopted robust weighting of 0 for four of
the HVCs, which optimizes resolution and sensitivity. For
HVC 310+08+167, a robustness parameter of 2 was used
in order to match for its low surface brightness. A small se-
lected region with H i emission in each dirty cube was decon-
volved using the Steer CLEAN algorithm (Steer et al. 1984).
The final data cubes were corrected for primary beam at-
tenuation and have an rms noise of about 10 mJy per beam.
To circumvent the short-spacing problem of the in-
terferometer data, we combined the ATCA data with the
single-dish data from GASS. We adopted the linear method,
merging in the Fourier domain (Stanimirovic´ 2002). With
this method, the GASS data were converted to Jy per
beam with a conversion factor of 0.658, regridded spatially
and in velocity to match the ATCA image, and then the
residual primary beam attenuation present in the ATCA
data was applied to the GASS data prior to combining
them. We smoothed the combined data cube spatially
using the CONVOL task. The cubes are smoothed to full
width half maxima (FWHM) of 150′′, 150′′, 160′′, 200′′
and 300′′ for HVC 252.2−20.5+310, HVC 266.0−18.7+338-
18, HVC 276.3−09.0+277, HVC 297.1+08.5+253,
HVC 310.3+08.1+167, respectively. We also smoothed
the cubes spectrally over 3 channels using a Hanning func-
tion and extracted the channels that contain H i emission.
As the sensitivity drops off quickly toward the outer edge of
the beam, we used the ATCA primary beam model to mask
out the noise at the outer edge of the data cube. Then, we
created the integrated H i column density maps of 5 clouds
as shown in Figure 2.
4 ANALYSIS
We analyze the GASS and the combined ATCA and GASS
data separately for each cloud. For the GASS data, spec-
tra are extracted along the symmetry axis of each cloud
to derive the physical parameters of peak H i column den-
sity (NHI), velocity in the Local Standard of Rest frame
(VLSR) and velocity linewidth (∆v). In Figures 3–7, we
show the extracted spectra (left), integrated H i column den-
sity map (top right) and the derived physical parameters
along the symmetry axis (bottom right) for each cloud. The
MNRAS 000, 1–?? (2015)
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Figure 1. Integrated H i column density map in the region of the LA as studied by FSM13. The red circles mark the clouds selected
for our ATCA observations at different Galactic latitudes. Equatorial coordinates are overlaid onto the plot in dashed grey. The labels
1–5 correspond to HVC 252.2-20.5+310, HVC 266.0-18.7+338, HVC 276.3-09.0+277, HVC 297.1+08.5+253 and HVC 310.3+08.1+167,
respectively. Three of the clouds are part of the LA IV.
white crosses in the integrated H i column density map rep-
resent the positions of individual spectra along the sliced
axis. The series of extracted spectra are fitted with ei-
ther a single or double Gaussian profile, in which ampli-
tude, velocity center and variance are set as free parame-
ters. Examples of double Gaussian fits are shown in Fig-
ure 8. We calculate the integrated H i column density us-
ing NHI = 1.823 × 1018
∫
TBdv = 1.823 × 1018 · TB · σ
√
2pi,
where TB is peak brightness temperature in K, v is the ve-
locity in km s−1, and σ is the standard deviation in km s−1.
The velocity linewidth is calculated using the derived σ, ∆v
= σ
√
8 ln(2). The derived results are shown in the bottom
right panel of Figures 3–7, with red crosses indicating the
narrow linewidth component of the cloud. The derived phys-
ical parameters using GASS data are summarized in Table 1.
For the combined data, we run a 3-dimensional ver-
sion of CLUMPFIND, which is an automatic routine for
analyzing clumpy structure in spectral line data cubes
(Williams et al. 1994). The routine searches the local peaks
of the emission and follows them down to the user defined in-
tensity level. We note that CLUMPFIND has its limitations
if the data cube contains significant background noise. After
running CLUMPFIND, we inspect the output manually to
eliminate false detections. Identified clumps in each cloud
are shown in Figure 9 with crosses and labels. We perform
a similar analysis as for the GASS data by extracting the
spectra of the clumps at peak H i column density and de-
riving their physical parameters. A summary of the derived
physical parameters of these clumps is given in Table 2.
5 OVERALL PROPERTIES OF THE HVCS
Four of the HVCs studied here are classified as head-tail
clouds. The only exception, HVC 266.0−18.7+338, is clas-
sified as a symmetric cloud by FSM13. However, the outer
diffuse envelope makes the classification ambigious. It may
also be a head-tail cloud.
The head-tail morphology suggests ram-pressure inter-
action with the ambient medium. FSM13 reveal multiphase
structures, which resemble broad and narrow components.
We consider the broad component to be >10 km s−1 in this
study. On average, the velocity linewidths for the broad and
narrow component are 20 km s−1 and 6.2 km s−1, respec-
tively. Most of the identified clumps only have a cold core.
There are also unresolved clumps showing multiphase struc-
tures with broad and cold components or cold components
only.
MNRAS 000, 1–?? (2015)
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Table 1. Derived physical parameters of each cloud either using a single or double Gaussian profile. GASS data are
used and the position number represents the location of extracted spectrum.
Name Position TB1 TB2 VLSR1 VLSR2 NHI1 NHI2 ∆v1 ∆v2
# (K) (K) (km s−1) (km s−1) (1018cm−2) (1018cm−2) (km s−1) (km s−1)
HVC 252.2-20.5+310 1 . . . 0.06 . . . 306.1 . . . 3.30 . . . 30.7
2 . . . 0.10 . . . 308.1 . . . 4.09 . . . 22.1
3 . . . 0.18 . . . 310.1 . . . 5.71 . . . 16.5
4 0.22 0.11 311.1 308.7 4.07 6.70 9.7 30.4
5 0.29 0.14 310.8 309.8 5.38 7.24 9.4 26.5
6 0.26 0.23 310.2 309.9 3.19 9.55 6.4 21.2
7 0.18 0.23 310.6 309.2 1.67 6.98 4.8 15.6
8 0.20 0.13 311.1 308.2 2.07 4.77 5.4 19.0
9 0.14 0.10 310.4 305.3 2.34 6.57 8.5 35.5
10 0.08 0.08 309.9 309.7 1.29 4.81 7.9 32.1
11 0.07 0.07 310.7 309.6 0.63 3.87 4.7 28.3
12 . . . 0.08 . . . 307.8 . . . 4.08 . . . 24.9
HVC 266.0-18.7+338 1 0.20 . . . 340.5 . . . 3.61 . . . 9.4 . . .
2 0.20 0.21 339.6 341.5 1.63 4.71 4.2 11.3
3 0.30 0.30 339.8 340.5 2.48 7.13 4.3 12.2
4 0.46 0.26 339.8 339.0 4.68 8.94 5.3 18.0
5 0.48 0.27 339.1 337.6 6.22 11.21 6.7 21.3
6 0.49 0.22 338.1 335.5 8.56 12.09 9.1 27.8
7 0.35 0.24 336.9 334.7 6.11 12.49 9.0 27.3
8 0.24 0.29 336.2 334.0 2.24 12.71 4.9 23.0
9 0.18 0.23 336.1 333.4 1.34 9.51 3.9 21.3
10 0.13 0.13 335.6 332.8 1.35 6.06 5.5 23.7
11 . . . 0.13 . . . 333.7 . . . 4.68 . . . 18.3
HVC 276.03-09.0+277 1 . . . 0.16 . . . 277.6 . . . 4.64 . . . 14.6
2 0.18 0.20 280.0 277.4 2.21 6.84 6.5 17.4
3 0.37 0.09 279.5 272.4 7.10 2.80 10.0 16.2
4 0.27 . . . 278.0 . . . 5.20 . . . 9.9 . . .
5 0.45 0.07 277.2 273.4 6.27 2.59 7.1 19.6
6 0.65 0.20 277.2 274.9 8.26 7.12 6.5 18.2
7 0.65 0.10 277.1 274.4 8.80 4.13 7.0 21.3
8 0.30 . . . 276.8 . . . 4.52 . . . 7.7 . . .
HVC 297.1+08.5+253 1 . . . 0.17 . . . 249.7 . . . 7.31 . . . 22.1
2 . . . 0.30 . . . 251.1 . . . 13.30 . . . 23.0
3 . . . 0.44 . . . 253.1 . . . 19.92 . . . 23.4
4 . . . 0.47 . . . 253.8 . . . 20.05 . . . 21.8
5 . . . 0.57 . . . 254.0 . . . 24.23 . . . 22.0
6 . . . 0.64 . . . 253.3 . . . 26.46 . . . 21.4
7 0.21 0.70 252.9 252.5 2.55 29.74 6.1 22.0
8 0.46 0.76 252.7 252.9 3.81 31.90 4.3 21.6
9 1.15 0.67 252.6 252.9 8.69 20.31 3.9 15.5
10 1.82 0.69 252.6 253.1 14.52 26.57 4.1 19.7
11 1.99 0.54 252.6 252.9 15.28 17.92 4.0 17.3
12 2.02 0.38 252.6 252.7 12.92 13.54 3.3 18.4
13 1.03 0.22 252.5 252.5 6.45 5.87 3.2 13.6
14 0.35 0.27 252.0 252.9 1.62 3.05 2.4 5.8
HVC 310.3+08.1+167 1 0.07 0.08 161.3 160.0 0.46 1.99 3.4 13.2
2 . . . 0.14 . . . 160.7 . . . 3.39 . . . 12.2
3 . . . 0.17 . . . 161.1 . . . 6.93 . . . 21.3
4 0.06 0.12 160.1 163.6 0.86 4.95 7.0 21.3
5 . . . 0.15 . . . 163.7 . . . 4.07 . . . 14.4
6 . . . 0.16 . . . 165.0 . . . 4.56 . . . 14.5
7 0.11 0.14 164.7 166.5 1.77 4.97 8.6 18.2
8 0.10 0.12 166.7 165.9 0.79 4.41 4.0 18.4
9 . . . 0.20 . . . 166.6 . . . 4.98 . . . 13.1
10 . . . 0.36 . . . 168.3 . . . 7.05 . . . 10.1
11 0.17 0.42 168.9 168.1 0.67 7.63 2.1 9.4
12 0.42 0.06 167.9 161.0 5.69 3.16 7.0 25.3
13 0.20 0.08 168.3 164.0 2.36 2.38 6.1 15.3
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Figure 2. Integrated H i column density maps of the combined Parkes and ATCA H i data set. The red circles indicate the 12 percent
of peak sensitivity area of the image. The analyzed regions as shown here are based on the percentage of the peak sensitivity. The grey
contours represent H i column densities in the GASS data set. The arrows point in the direction of the Galactic plane.
5.1 HVC 252.2−20.5+310
HVC 252.2-20.5+310 is part of the LA IV. The tail is point-
ing away from the Galactic Plane. In Figure 3, we show the
spectral line profiles and derived physical parameters along
the sliced axis of the cloud. The cloud is sliced from south to
north with a designated position number. Multiphase struc-
tures of warm (broad) and cold (narrow) components at the
head of the cloud are seen in the series of spectral line pro-
files. The rise and fall of the H i column density is gradual.
There is no obvious velocity gradient across this cloud. We
find that the cold component (red crosses) has a fairly con-
sistent VLSR ∼ 311 km s−1. The FWHM of the warm com-
MNRAS 000, 1–?? (2015)
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Figure 3. Top right: Integrated H i column density map of HVC 252.2-20.5+310 in the GASS data set. The contour levels correspond
to H i column densities (NHI) of 0.2, 0.4, 0.6, 0.8, 1.0×10
19 cm−2. The white crosses represent the positions along the sliced axis of the
cloud. It is sliced from south to north with a designated position number. The arrow points in the direction of the Galactic plane. Left:
Series of extracted spectra along the sliced axis. Bottom right: Physical parameters of the cloud as derived from the spectra. Black
circles and red crosses represent the broad and narrow component, respectively.
MNRAS 000, 1–?? (2015)
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Figure 4. Same as Figure 3 except for HVC 266.0-18.7+338. The contour levels correspond to 0.2, 0.5 , 0.8, 1.1, 1.40×1019 cm−2 and
the cloud is sliced from east to west.
ponent (black circles) varies in different parts of the cloud.
The cold component has a typical linewidth of 7 km s−1.
Figure 2a shows the peak H i column density map of the
combined image. The overlaid contour provides the spatial
size of the cloud as observed by GASS. As seen in the figure,
the head of the cloud has been resolved into two clumps. The
morphology of these two clumps is outlined with contours
in Figure 9a. Clumps A and B morphologically look like
head-tail clouds which are pointing in the opposite direction.
The derived physical parameters at the peak H i column
density of both clumps are presented in Table 2. Clump A
has two unresolved components, which have ∆v of 2.80 and
MNRAS 000, 1–?? (2015)
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Figure 5. Same as Figure 3 except for HVC 276.3-09.0+277. The contour levels correspond to 0.2, 0.5 , 0.8, 1.1, 1.40×1019 cm−2 and
the cloud is sliced from south-east to north-west.
7.38 km s−1. Clump B is resolved with a single peak TB of
2.78 K.
5.2 HVC 266.0−18.7+338
HVC 266.0-18.7+338 is also part of the LA IV. It is classified
as a symmetric cloud in FSM13. The cloud is sliced from east
to west, which corresponds to the spectral line profiles from
top to bottom in Figure 4. The cloud shows a clear velocity
gradient with velocity decreasing from about 340 km s−1 to
MNRAS 000, 1–?? (2015)
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Figure 6. Same as Figure 3 except for HVC 297.1+08.5+253. The contour levels correspond to 0.5, 1.5, 2.5, 3.5, 4.5×1019 cm−2 and
the cloud is sliced from south-west to north-east.
332 km s−1. In general, the cold component has a velocity
larger than the warm component. The effect can be seen in
the series of asymmetric spectral line profiles. The ∆v of the
warm component increases from the east end of the cloud
and reaches a maximum at the center before flattening it out
to ∼ 25 km s−1. A similar trend is seen in ∆v of the cold
component. The linewidth and velocity gradients indicate
that this cloud is probably a head-tail cloud rather than a
symmetric cloud.
The ATCA primary beam almost covers the entire cloud
(see Figure 2b). The combined image reveals a complex
structure. Figure 9 shows a total of 5 distinct clumps identi-
MNRAS 000, 1–?? (2015)
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Figure 7. Same as Figure 3 except for HVC 310.3+08.1+167. The contour levels correspond to 1.5, 3.5, 5.5, 7.5, 9.5×1018 cm−2 and
the cloud is sliced from south-west to north-east.
fied via CLUMPFIND, named A–E. All clumps are resolved.
These clumps have a fairly similar VLSR (336–341 km s
−1).
Clump D and E are considered warm with ∆v > 10 km s−1.
Both of them are also isolated from the main concentration
of other clumps. None of them has a distinct morphology.
5.3 HVC 276.3−09.0+277
HVC 276.3-09.1+277 is the third HVC in this study that is
located in LA IV. This head-tail cloud has two main cores
with one being at the head of the cloud and the other at the
tail (see Figure 5). The analysis is performed by slicing the
cloud diagonally from south-east to north-west. The cloud
MNRAS 000, 1–?? (2015)
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Figure 8. Examples of double Gaussian fits to a spectrum from each cloud. Red indicates the combined profile of the two Gaussian
profiles.
does not show a clear velocity gradient. Its head is rather
compressed. The average ∆v for all of the cold components
is 7.5 km s−1. The VLSR values of the cold components de-
crease gradually and are larger than the warm components.
The peak TB is ∼0.7 K at the main core of the cloud.
In Figures 2c and 9c, we show the resolved clumps in the
combined image. Three clumps are identified. Clump A is lo-
cated in the main core of the cloud but clump B is displaced
slightly from the second core of the cloud as seen in the
diffuse emission. Both clump A and B are morphologically
similar to head-tail clouds. Clump C is relatively smaller
than clump A and B. It is unresolved and consists of two
cold components, which have ∆v of 3.25 and 9.44 km s−1.
5.4 HVC 297.1+08.5+253
HVC 297.1+08.5+253 is situated in the vicinity between LA
I and II, closer to the south-eastern part of LA II. This head-
tail cloud is morphologically slightly different from HVC
252.2−20.5+210. The contours show a typical head-tail
MNRAS 000, 1–?? (2015)
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Figure 9. Integrated H i column density maps of the combined Parkes and ATCA H i data sets. Identified clumps are marked with a
cross and are labeled. Contours are plotted to highlight the morphology of the clumps.
structure (see Figure 6). The tail of HVC 297.1+08.5+253
is pointing away from the Galactic plane.
In Figure 6, the spectral line profiles (top to bottom)
represent the sliced positions of the cloud from south-west
to north-east. As expected, the peak H i column density in-
creases toward the head of the cloud. Interestingly, the de-
rived H i column density of the warm component reaches its
maximum (position 8) before the maximum H i column den-
sities as shown in the GASS integrated H i column density
map at positions 9 and 10. The cold component also shows
the same rise and fall pattern in H i column density but with
the maximum at position 11. The VLSR shows a small gra-
dient at the tail of the cloud and then becomes constant
at 253 km s−1 for both cold and warm component. Half of
MNRAS 000, 1–?? (2015)
The Distance and Properties of Hydrogen Clouds in the Leading Arm of the Magellanic System 13
T
a
b
le
2
:
D
er
iv
ed
p
h
y
si
ca
l
p
a
ra
m
et
er
s
a
n
d
lo
ca
ti
o
n
o
f
ea
ch
cl
u
m
p
fo
u
n
d
in
th
e
co
m
b
in
ed
d
a
ta
.
N
a
m
e
C
lu
m
p
R
A
D
e
c
T
B
1
T
B
2
V
L
S
R
1
V
L
S
R
2
N
H
I
1
N
H
I
2
∆
v
1
∆
v
2
T
k
θ
n
b
P
/
k
b B
(
K
)
(
K
)
(
k
m
s
−
1
)
(
k
m
s
−
1
)
(
1
0
1
9
c
m
−
2
)
(
1
0
1
9
c
m
−
2
)
(
k
m
s
−
1
)
(
k
m
s
−
1
)
(
K
)
(
◦
)
(
c
m
−
3
)
(
K
c
m
−
3
)
H
V
C
2
5
2
.2
-2
0
.5
+
3
1
0
A
0
6
h
3
8
m
4
2
.2
6
s
−
4
3
◦
2
2
′
1
4
.4
3
′
′
3
.4
9
1
.2
7
3
1
2
.5
3
1
3
.4
1
.8
9
1
.8
2
2
.8
0
7
.3
8
.
.
.
.
.
.
.
.
.
.
.
.
B
0
6
h
3
8
m
2
0
.2
7
s
−
4
3
◦
2
9
′
1
4
.7
3
′
′
2
.7
8
.
.
.
3
1
0
.8
.
.
.
2
.5
0
.
.
.
4
.6
5
.
.
.
4
7
1
.3
7
0
.1
4
4
0
.1
3
6
0
.7
8
H
V
C
2
6
6
.0
-1
8
.7
+
3
3
8
A
0
7
h
1
6
m
3
6
.7
7
s
−
5
5
◦
0
5
′
1
4
.9
2
′
′
3
.2
9
.
.
.
3
4
0
.9
.
.
.
4
.0
4
.
.
.
6
.3
3
.
.
.
8
7
2
.9
6
0
.0
5
2
0
.5
8
5
0
3
.1
9
B
0
7
h
1
6
m
0
1
.8
2
s
−
5
5
◦
0
5
′
1
6
.6
9
′
′
3
.7
8
.
.
.
3
4
1
.3
.
.
.
4
.3
4
.
.
.
5
.9
2
.
.
.
7
6
4
.9
9
0
.0
4
0
0
.8
0
6
1
0
.8
4
C
0
7
h
1
5
m
4
4
.3
8
s
−
5
5
◦
0
7
′
1
7
.2
0
′
′
3
.5
2
.
.
.
3
3
9
.5
.
.
.
4
.3
7
.
.
.
6
.4
0
.
.
.
8
9
3
.8
8
0
.0
4
8
0
.6
8
6
0
4
.9
5
D
0
7
h
1
4
m
3
8
.0
3
s
−
5
4
◦
5
9
′
4
6
.9
5
′
′
1
.2
4
.
.
.
3
3
8
.2
.
.
.
2
.5
1
.
.
.
1
0
.4
1
.
.
.
2
3
6
1
.7
7
0
.0
5
6
0
.3
3
7
7
9
.7
7
E
0
7
h
1
3
m
5
5
.9
8
s
−
5
5
◦
0
6
′
1
5
.3
4
′
′
2
.0
7
.
.
.
3
3
6
.0
.
.
.
5
.2
8
.
.
.
1
3
.1
6
.
.
.
3
7
7
2
.6
2
0
.0
4
9
0
.8
0
3
0
1
7
.0
5
H
V
C
2
7
6
.0
3
-0
9
.0
+
2
7
7
A
0
8
h
5
3
m
2
6
.0
9
s
−
5
8
◦
5
4
′
5
7
.3
8
′
′
6
.6
7
.
.
.
2
7
6
.5
.
.
.
7
.9
5
.
.
.
6
.1
4
.
.
.
8
2
3
.0
7
0
.0
5
6
1
.0
5
8
6
4
.6
3
B
0
8
h
5
5
m
4
6
.2
0
s
−
5
9
◦
0
8
′
5
4
.8
1
′
′
3
.6
9
.
.
.
2
8
1
.0
.
.
.
4
.7
0
.
.
.
6
.5
6
.
.
.
9
3
7
.1
8
0
.0
4
2
0
.8
3
7
8
1
.8
7
C
0
8
h
5
4
m
0
8
.7
0
s
−
5
8
◦
4
5
′
5
6
.9
3
′
′
2
.3
9
5
.9
9
2
7
3
.5
2
7
5
.5
4
.3
9
3
.7
8
9
.4
4
3
.2
5
.
.
.
.
.
.
.
.
.
.
.
.
H
V
C
2
9
7
.1
+
0
8
.5
+
2
5
3
A
1
2
h
1
2
m
5
1
.8
8
s
−
5
3
◦
3
7
′
2
8
.6
3
′
′
2
0
.2
9
4
.3
8
2
5
2
.8
2
4
9
.5
1
2
.9
9
1
.8
8
3
.3
0
2
.2
1
.
.
.
.
.
.
.
.
.
.
.
.
B
1
2
h
1
2
m
3
8
.4
0
s
−
5
3
◦
3
9
′
2
9
.4
9
′
′
1
1
.6
9
.
.
.
2
5
2
.9
.
.
.
1
1
.1
3
.
.
.
4
.9
1
.
.
.
5
2
4
.9
1
0
.0
2
8
3
.0
0
1
5
7
2
.2
0
H
V
C
3
1
0
.3
+
0
8
.1
+
1
6
7
a
A
1
3
h
4
2
m
5
0
.0
9
s
−
5
4
◦
0
0
′
3
3
.4
6
′
′
0
.7
2
0
.2
3
1
6
5
.5
1
7
2
.3
0
.7
0
0
.1
5
5
.0
2
3
.3
1
.
.
.
.
.
.
.
.
.
.
.
.
B
1
3
h
4
2
m
3
2
.9
8
s
−
5
3
◦
5
7
′
3
4
.3
2
′
′
0
.3
0
0
.6
1
1
7
2
.2
1
6
6
.2
0
.2
1
0
.7
0
3
.5
6
5
.9
4
.
.
.
.
.
.
.
.
.
.
.
.
C
1
3
h
4
2
m
3
2
.8
0
s
−
5
3
◦
5
1
′
3
3
.4
5
′
′
0
.2
9
0
.5
7
1
6
3
.5
1
6
9
.5
0
.2
6
0
.5
9
4
.6
9
5
.3
4
.
.
.
.
.
.
.
.
.
.
.
.
D
1
3
h
4
2
m
2
9
.6
5
s
−
5
4
◦
0
0
′
0
4
.7
5
′
′
0
.2
9
0
.5
5
1
7
2
.5
1
6
6
.6
0
.2
0
0
.6
3
3
.4
2
5
.8
6
.
.
.
.
.
.
.
.
.
.
.
.
E
1
3
h
4
2
m
0
9
.2
0
s
−
5
3
◦
5
8
′
0
5
.5
6
′
′
0
.3
2
0
.1
2
1
7
1
.9
1
6
7
.1
0
.2
8
0
.1
1
4
.5
6
4
.6
3
.
.
.
.
.
.
.
.
.
.
.
.
F
1
3
h
4
0
m
0
2
.8
7
s
−
5
4
◦
1
5
′
3
4
.2
0
′
′
0
.2
8
0
.1
6
1
6
7
.4
1
6
1
.6
0
.3
1
0
.1
7
5
.5
7
5
.4
7
.
.
.
.
.
.
.
.
.
.
.
.
a
:
P
a
r
a
m
e
t
e
r
s
a
r
e
d
e
r
iv
e
d
fr
o
m
a
s
p
a
t
ia
ll
y
a
n
d
s
p
e
c
t
r
a
ll
y
s
m
o
o
t
h
e
d
d
a
t
a
c
u
b
e
.
b
:
A
s
s
u
m
in
g
a
d
is
t
a
n
c
e
o
f
2
5
k
p
c
.
the cloud consists of warm component only, with an aver-
age velocity linewidth of 20.1 km s−1. At position 14, two
components are detected (refer bottom panel of Figure 6).
These two components on avarage have a velocity linewidth
of 4.1 km s−1.
The cloud is relatively diffuse as shown in the combined
image (Figure 2d). The main resolved feature is offset and
leading the diffuse core of the cloud as seen in the GASS
image. This explains why the H i column density of the cold
component peaks at position 11 in the analysis of the GASS
image. Figure 9d shows the resolved feature and two de-
tected clumps. Unfortunately, the feature is detected fairly
close to the edge of the ATCA beam, where sensitivity drops
off significantly. Thus, extended features cannot be seen.
Clump A has the highest TB (∼20.3 K) amongst the
detected clumps in this study. Clump A is resolved and re-
veals sub-components as seen in its spectral line profile (not
shown here). The resolved clump B has ∆v of ∼ 5 km s−1.
5.5 HVC 310.3+08.1+167
HVC 310.3+08.1+167 is located north of LA I. It is pointing
in the general direction of motion of LA I. This cloud is quite
diffuse compared to the other clouds in this study, It has a
very long diffuse tail, which spans nearly 1.5◦, and a slight
kink at the end (see Figure 7). While this cloud has a lower
VLSR than other selected HVCs in this study, it is assumed to
be part of the LA based on the constraints listed in FSM13
to exclude the Galactic H i emission.
The analysis is performed by slicing along the symmetry
axis from south-west to north-east. The spectral line profiles
show that the cloud has a fairly low brightness temperature
of ∼0.4 K. The multiple peaks of H i column density indi-
cate numerous components. Apart from the two deviating
points at position 12 and 13 in the velocity plot, the grad-
ual increase of VLSR suggests that the cloud has a velocity
gradient.
The contours in Figure 2e show that the size of the
cloud is a lot larger than the ATCA beam. Since its coordi-
nates were derived at the axis center of the cloud, the core
structure was not observed at the center of the ATCA beam,
where sensitivity is highest. The low surface brightness na-
ture of the cloud also makes clump idenfication harder. The
identification and derivation of physical parameters of the
clumps were performed on the smoothed cube. Six distinct
clumps have been identified (see Figure 9e). All of them are
unresolved and have sub-components. The sub-components
are cold as well.
The structure near the head is complex with five clumps
being detected within the sensitivity cutoff. They have VLSR
ranging from 165 to 172 km s−1. Clump F has a lower VLSR
of 161.6 km s−1. They all appear to have an irregular shape.
6 COMPARISON WITH PREVIOUS STUDIES
Two additional compact HVCs, HVC 291+26+195 and
HVC 297+09+253, were observed and studied in high-
resolution by BBKW06. Both clouds are associated with the
LA. BBKW06 analyzed the data obtained from the Parkes
H i survey of the Magellanic System (Bru¨ns et al. 2005) and
interferometer data observed with the 750D configuration
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of the ATCA. By comparing with our integrated H i col-
umn density map of the ATCA data alone (not shown here),
we find similar resolved structures as seen in Figure 4 of
BBKW06. They identified seventeen clumps, which is more
than detected in our study, although the method of iden-
tification is different. They did not analyze the combined
Parkes and ATCA data.
Another high-resolution study of a compact
HVC (HVC 289+33+251) has been carried out by
Bru¨ns & Westmeier (2004). This cloud is also in the vicin-
ity of LA but a distance of 150 kpc was assumed, which is
further than the typical distance of the Magellanic Clouds
(50 kpc). This cloud is significantly brighter than our
observed targets and has the typical head-tail morphology.
It is relatively compact as well. A direct quantitative
comparison cannot be achieved due to different resolutions
of the two studies.
7 DISCUSSION
7.1 HVC Phase Diagram
HVCs may exist as a stable two-phase medium if the halo
pressure lies within a certain range, Pmin < P < Pmax, where
Pmin and Pmax are a function of height, z, above the Galac-
tic plane (Wolfire et al. 1995). The phase diagram of thermal
pressure, P , vs. hydrogen density, n, can be used to exam-
ine the stability of HVCs. To calculate the thermal pressure
of the resolved clumps, we apply the ideal gas law, P/k =
nTk, where k is the Boltzmann constant, n is the hydrogen
density and Tk is the kinetic gas temperature. The upper
limit of the kinetic gas temperature can be derived from the
velocity linewidth assuming the observed linewidth is dom-
inated by Doppler broadening, Tk = mH∆v
2 / (8 k ln2) =
21.8 (∆v/km s−1)2, where mH = 1.674 × 10−27 kg. Assum-
ing spherical symmetry for the clump, n = NHI / (d tanθ),
where θ is the angular diameter of the clump and d is the
distance to the cloud. The hydrogen density is calculated
by assuming distances to the cloud of 25 kpc and 50 kpc.
The former distance is close to the kinematic distance de-
rived in McClure-Griffiths et al. (2008). The latter is close
to a the measured distance of the LMC (Pietrzyn´ski et al.
2013). Calculated values are presented in Table 2.
Figure 10 shows the phase diagram at different heights
z above the Galactic plane overplotted with our derived P/k
and n for the resolved clumps. Filled and non-filled symbols
correspond to the calculated data points by assuming a dis-
tance of 25 and 50 kpc, respectively. The inferred z with the
assumed distance for each HVC clump is listed next to each
symbol. We note that the phase diagram is sensitive to the
metallicity (Z) and dust-to-gas ratio (D/G). We adopt the
model of Z = D/G = 0.3, which is appropriate for stripped
LMC gas (Wolfire et al. 1995).
To estimate the effects of uncertainties in our derived
P/k and n, we consider various scenarios. Assuming the ob-
served clump is not of spherical shape but an ellipsoid, view-
ing along the major axis gives a larger angular diameter.
Twice the size in angular diameter will result in a decrease
in hydrogen gas density by a factor of two. The derived Tk
is an upper limit given by the velocity linewidth. A decrease
of Tk by 100 K will result in +0.1 change in logP/k. Ignor-
ing the two data points near the 50 kpc curve and taking
Figure 10. Thermal pressure, P/k, vs. hydrogen density, n, for
various heights, z, above the Galactic plane in kpc. The model
of Z = D/G = 0.3 is taken from Wolfire et al. (1995). Filled
and non-filled symbols represent the calculated data points by
assuming a distance of 25 and 50 kpc, respectively. The value
next to the symbols in the legend are the calculated heights z, in
kpc.
into account the uncertainties, we find that majority of the
data points fall onto their corresponding z for the phase di-
agram. Also, the data points lie in the instability valley of
the two-phase medium.
7.2 Halo Environment as a Function of Galactic
Latitude
If we assume that the clumps are in hydrostatic equalibrium,
the thermal pressure of the clump is equal to the external
halo thermal pressure. In Figure 11, we show the average
physical parameters of the resolved clumps for each cloud
as a function of Galactic latitude. In this case, Galactic lat-
itude is a proxy for z. The height z decreases from negative
to positive Galactic latitude. Interestingly, we find a trend
of increasing halo thermal pressure, hydrogen density and
H i column density with increasing Galactic latitude. This
suggests that the clouds reside in a denser halo environment
at more positive Galactic latitude. While it has been sug-
gested that the LA is closer to the Galactic centre than the
LMC, (McClure-Griffiths et al. 2008), this is the first evi-
dence showing a possible distance gradient in the LA region
using compact HVCs that span over ∼ 80◦ in Galactic longi-
tude. The leading part of the LA (LA II and LA III) is most
likely closer to our Galaxy than the LA I, which has a kine-
matic distance of ∼21 kpc (McClure-Griffiths et al. 2008).
The study of Venzmer et al. (2012) also showed a similar
distance gradient using a different approach. Their investi-
gation was based on the velocity structure of three subpopu-
lations in LA I. Future simulations would be useful to assess
the likelihood of such a scenario. We note that P/k and n are
sensitive to various scenarios as discussed in §7.1. The pos-
itive Galactic latitude cloud (HVC 297.14+08.5+253) will
have a lower n if it is not spherical but twice the size. The
trend of n vs. Galactic latitude becomes less significant in
this case.
In FSM13, the formation of the LA IV remains a mys-
tery. It has a very different morphology than its coun-
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Figure 11. Thermal pressure, P/k, hydrogen density, n, and H i
column density, NHI, as a function of Galactic latitude (as a proxy
of z). Each data point represents the average physical parameters
of all resolved clumps for each cloud. A distance of 25 kpc is as-
sumed here. Uncertainties of P/k and n are discussed in §7.1.
A systematic uncertainties of 10% is assumed for NHI. Signifi-
cantly deviating values, such as the ones for clump D and E of
HVC 266.0-18.7+338, are excluded from the calculation. Physical
parameters are listed in Table 2.
terpart (LA I–III). This suggests that LA IV might be
formed via a different mechanism or has a different ori-
gin. The recent discoveries of ultra-faint dwarf galaxies in
the vicinity of the Magellanic System (Koposov et al. 2015;
Bechtol et al. 2015; Drlica-Wagner et al. 2015) has renewed
theoretical and observational interest (see Yozin & Bekki
2015; Westmeier et al. 2015). The model of Yozin & Bekki
(2015) confirms that the locations of these ultra-faint dwarf
galaxies are associated with the MCs previously as part of
a loose group and shows how they are processed by the
Galactic halo upon accretion. This suggests that the clumpy
LA IV might be the debris from such an accretion event,
which might explain why the three HVCs (part of the LA IV)
are further away than the two HVCs near LA I and II. This
supports the radial distance estimate of 74 kpc for LA IV in
Venzmer et al. (2012).
7.3 Star Formation in the Leading Arm Region
Theoretical models and observational evidence show that
both the MS and LA were formed via ram-pressure stripping
and tidal interaction between the LMC and SMC (see e.g.
Diaz & Bekki 2011; For et al. 2013). Both of these mecha-
nisms are known to trigger star formation in galaxies (e.g.,
galaxy pair NGC 1512/1510, Koribalski & Lo´pez-Sa´nchez
2009 and NGC 4522 in the Virgo cluster, Kenney et al.
2004). Star formation in the MS and LA has been postu-
lated but there was no success in the hunt for stars be-
ing formed in situ in early years (e.g., Recillas-Cruz 1982;
Guhathakurta & Reitzel 1998). Matthews et al. (2009) con-
ducted a search for star formation in the MS regions us-
ing cold atomic gas as an indicator. Two absorption com-
ponents were identified toward a background radio source,
J0119−6809. The corresponding H i column density is ∼
2 × 1020 cm−1. Follow up observation shows no detection
of CO(J = 1 → 0) molecular gas associated with the cool
gas implying that star formation does not occur at that lo-
cation within the MS.
Neutral hydrogen gas, dust and molecular hydrogen
gas (H2) act as a reservoir for fuelling star formation ac-
tivities. This is particularly prominent in high gas den-
sity regions. Stars are formed when the dense gas clouds
reach the Jeans instability and collapse. Measurements of
dust and H2 are fairly limited in the LA region. An at-
tempt for measuring dust, H2 and metallicity in the LA has
been made by Sembach et al. (2001) on a compact HVC
(HVC 287.5+22.5+240). They find that the metallicity of
this HVC is similar to the SMC, and the detection of H2
suggests that either the H2 formed in situ or within the SMC
and survived tidal stripping. They prefer the latter scenario
given that the formation timescale of H2 is long (∼ 108 yr). If
the LA is stripped from the SMC as suggested by simulations
(e.g., Diaz & Bekki 2011), we would expect the LA region
has a similar H2 and metallicity content as the SMC, and
star formation potentially could occur. In fact, a recent at-
tempt to search for stellar components has been carried out
at the optical wavelength by Casetti-Dinescu et al. (2014) in
the LA region. Five young stars has been successfully identi-
fied and they believed to have formed in the LA for the first
time, using kinematics information, stellar parameters and
distance moduli. We examine the location of these 5 young
stars and nearby H i gas content. Four of them are in close
proximity of dense clouds with NHI in the range of 1.5×1019
to 1.8× 1020 cm−2. Clouds with these H i column densities
exist everywhere in the LA region and yet the search only
resulted in five young stars that were born in situ. Where
are the missing stars?
The result from §7.1 suggests the possibility of different
halo environments in the LA region, which might explain
the lack of star formation if a special condition is required
to form stars. However, without further information on dust
and metallicity properties in the entire LA region, it is very
hard to assess the conditions that are needed for star forma-
tion to occur. The optical search for young stars is currently
limited to specific regions. It would be interesting if future
optical studies included candidates located in the vicinity of
HVC 287.5+22.5+240 to verify if star formation is plausible
with the given conditions.
Metallicity and dust might not be the only factors for
the star formation in the region. Observational evidence of
interaction between the LA I and Galactic disc gas suggests
the gas is being compressed by the Galactic halo gas at low
z and star formation could also be triggered.
8 SUMMARY
We have studied five HVCs in the vicinity of the Magellanic
Leading Arm. The targets were selected from the FSM13
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catalog, and high-resolution observations were carried out
at the ATCA. We analyzed the combined single-dish GASS
and interferometric ATCA data. Clumps were identified and
physical parameters were derived for both clumps and dif-
fuse structure of the HVCs. Most of the clumps have a cold
component (∆v < 10 km s−1). The unresolved clumps gen-
erally consist of a warm component only.
Three of the clouds are part of the LA IV, which lies
south of the Galactic plane, and have a head-tail like mor-
phology. The other two are located north the Galactic plane
and in close proximity to LA I and LA II. HVC 266.0-
18.7+338 is the only cloud that shows a clear velocity gradi-
ent. It also consists of many clumps. The VLSR of cold clumps
is generally larger than the diffuse (warm) component.
In the case of HVC 276.3-09.0+277, its head is com-
pressed and it does not show any velocity gradient. The
velocity of the cold component decreases gradually and is
larger than that of warm component. Two clumps are lo-
cated in the two main cores of the cloud. The third clump is
relatively small and unresolved. It is located slightly offset
from one of the clumps.
HVC 297.1+08.5+253 has been studied by BBKW06.
They analyzed the single-dish and interferometer data sep-
arately. Their analysis focuses on the core of the head-tail
structure and many clumps have been identified. We, on
the other hand, carried out the analysis by using the com-
bined image. This allows us to probe large and small scale
structures simultaneously. In our analysis, the NHI increases
toward the head of the cloud and decreases afterward. The
cold component shows the same NHI pattern except that it
peaks at a slightly different position from the warm com-
ponent. There is a small velocity gradient at the tail of
the cloud. Otherwise, velocity is constant for both cold and
warm components.
The analysis of the combined image of
HVC 310.3+08.1+167 was carried out on a smoothed
cube due to it being very diffuse and low in surface
brightness. It consists of many clumps, and all of them
are unresolved with cold components. Overall, the velocity
linewidth of both the cold and warm component follows the
same trend as the NHI.
We discussed the HVC phase diagram (log P/k vs log
n) using the model of Wolfire et al. (1995). The model has
metallicity and gas-to-dust ratio of 0.3, which is based on
the assumption that the gas was stripped from the LMC. All
the clouds are in the instability valley where they can main-
tain their two-phase structures. Interestingly, there is an off-
set between the data points and their corresponding height
above the Galactic plane. A lower metallicity model is a
better fit for the majority of the data points, which suggests
that the gas was likely stripped from the SMC. This is con-
sistent with various simulations (e.g. Diaz & Bekki 2011).
We find a gradient in thermal halo pressure, hydrogen den-
sity and H i column density as a function of Galactic lati-
tude. This is the first possible observational evidence of an
increasing Galactocentric distance from the trailing end to
the leading part of the LA, although further observations
may be needed to confirm. A different halo environment
might explain the low star formation rate in the LA re-
gion. Special conditions such as additional dust and atomic
hydrogen gas are needed in order to trigger star formation.
Future studies of the atomic hydrogen gas content in the
region and the search for more stars will be important to
understand the star formation history in the region of the
LA.
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